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Summary. M easu re m e n ts  o f  unidirectional  calcium fluxes in 
s tr ipped intestinal  epi thel ium of  the tilapia. Oreochromis mos- 
sambicus. in the p resence  o f  ouaba in  o r  in the ab sen ce  o f  sodium 
indicated that ca lc ium absorp t ion  via the fish intest ine is sodium 
dependen t .  Active  C a :~ t ranspor t  m echan ism s  in the en te rocy te  
plasma m em b ran e  were  ana lyzed .  The  m ax im um  capaci ty  o f  the 
A T P -dependen l  C a : ~ pum p ( Vm: 0.63 nmol • min 1 • mg K,„: 27 
n.\i C a : ~) is ca lcu la ted  to be 2.17 nmol • min 1 • mg correc t ing  
for 29% inside-out o r ien ted  vesicles in the m em brane  p repa ra ­
tion. The  m ax im um  capac i ty  o f  the N a ~ /C a : ~ ex ch an g e r  with 
high affinity for C a : ~ {Vm: 7.2 nmol • min 1 • mg '. K,„: IS I n\i  
C a :~) is ca lcu la ted  to be 13.6 nmol • min 1 • mg ’, correc t ing  for 
539'r resealed vesicles  and assum ing  symmetr ica l  behav io r  o f  the 
N a ~ /C a : ~ exchanger .  The  high affinity for C a : ~ and the sixfold 
higher capac i ty  o f  the e x ch a n g e r  co m p ared  to the A T P ase  sug­
gest s trongly that the N a ~ / C a : * ex chan ge r  will con tr ibu te  su b ­
stantially to C a : ~ ex t rus ion  in the fish en te rocv te .  Fu r the r  evi-
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dence  for an importan t  con tr ibu t ion  o f  N a ~ /C a :+ exchange  to 
C a : * ex t rus ion  was ob ta ined  from studies in which the s imulta­
neous opera t ion  o f  ATP- and Na~-gradient-dr iven C a 2'  pum ps  in 
inside-out vesicles was  eva lua ted .  The  fish en te rocy te  appears  to 
present  a model  for a C a : * t ranspor t ing  cell, in which N a ~ /C a : ‘ 
exchange  act ivi ty  with high affinity for C a ; ~ ex t rudes  C a :~ from 
the cell.
Key W ords  (Na* + K ) - A T P a s e  • (Ca: ~ + Mg2")-ATPase  • 
N a ~ /C a 2~ exchange  • en te ro cy te  • p lasma m em b rane  • teleost  
fish • tilapia * bepridil
Introduction
Freshwater fish depend on two routes for the up­
take of calcium, viz. via their gills and via their gut. 
Direct absorption of Ca2+ from the water via the 
gills may provide for up to 94% of the total calcium 
required [10]. However, at decreased calcium avail­
ability in the water (e.g., in very soft freshwater) or 
in times of increased need for calcium (e.g., during 
gonadal maturation) enhanced intestinal calcium
absorption may compensate for insufficient extrain­
testinal calcium absorption [4].
In mammalian Ca2 + transporting cpithelia such 
as the duodenum and renal tubules ATP-dependent 
Ca2' transport is regarded the predominant mode of 
Ca2" extrusion across basolateral membranes by 
which transcellular transport of Ca2+ is achieved 
[16, 19, 20]. However, the presence of a N af/Ca2+ 
exchanger in the same plasma membrane has raised 
questions about the relative contribution of both 
mechanisms to Ca2+ extrusion. The affinity for Ca2+ 
and the maximum transport capacity of the (Ca2+ + 
Mg2+)-ATPase, determined in vitro, are generally 
much hieher than these values for the Na+/Ca2+ 
exchanger. Therefore, the role of Na~/Ca2+ ex­
change in transcellular Ca2+ transport in mamma­
lian intestinal and renal epithelia appears of minor 
importance 124, 36].
In recent studies on transport mechanisms in 
fish gills 113, 14, 26) we demonstrated that branchial 
transepithelial calcium transport depends on a 
(Ca2~ + Mg2+)-ATPase mediated extrusion of Ca2+ 
over the basolateral membranes of the calcium 
transporting cells. We report here on intestinal Ca2+ 
uptake of a freshwater fish, the teleost Oreochromis 
mossambicus (hereafter called tilapia), which pro­
cess in contrast appears Na+ dependent and is cor­
related with a powerful NaVCa2' exchange activ­
ity in the basolateral plasma membrane of the 
enterocyte.
Materials and Methods
Male tilapia, Oreochromis mossambicus , with an average body 
weight o f  250 g were  ob ta ined  from labora tory  s tock,  kept in 100 
liter aquar ia  supplied with running tap w a te r  (0.7 mM Ca,  26°C) 
under  a pho toper iod  o f  16 hr o f  light a l ternat ing with 8 hr o f
14 G. FI i k et al.:  N a * / C a 2~ -E x c h a n g e  in Fish In tes t ine
darkness .  The  lish were  fed Tetramin® tropical  lish food. 1.5 % 
body weight per day ;  feeding was  d iscont inued  one day before 
exper im en ta t ion .  Fish were  anes the t ized  in tricaine methano-  
sulphatc  (3 g • liter ad jus ted  to pH 7.4 with Tris) and killed by 
spinal t ransec t ion .  The  peri toneal cavi ty  was opened  and the 
intestinal tract  rem oved .  In all exper im en ts  the proximal ' part of 
the intestine was used (approx imate ly  30 cm:  this part shows no 
macroscopica l ly  o r  (sub)microscopical ly  dist inct transi t ions in 
epithelial make-up ;  personal observations). The  intestine was 
rapidly flushed with saline and processed  as descr ibed  below.
T r a n s e p i t h e l i a l  Ca2’ T r a n s p o r t
M ucosa  o f  the proximal  10 cm o f  the intestine was  str ipped of  
underlying muscle  layers and m ounted  in Ussing ch am b ers  for 
transepithel ial  flux m e a su re m e n ts ,  as descr ibed  in detail for gold­
fish intestinal m ucosa  [21. All flux exper im en ts  were  carr ied out 
at 23°C. In shor t ,  t issue was  m oun ted  in slides and pre incubated  
for 30 min in gassed  saline (117.5 m.\t NaCI,  5.7 him KCI. 25 m\i  
N a H C O ?, 1.2 him N a H : P 0 4, 1.25 m»\i CaCU, 1.2 niM M g S 0 4 and 
28 m\i  mannitol ,  95% 0 : /5% C 0 2, pH 7.3 ±  0 . 1). Next ,  the slides 
were m ounted  as the parti t ion be tw een  two 3 ml half-chambers  
filled with saline. The  ex p osed  t issue area  was  0.2 c m 2. At zero 
lime 45CaCI:  (specific activi ty:  180 MBq ■ mmol ') was  added as 
t racer  to e i ther  side o f  the t issue.  After  30 min, samples  (100 n I) 
were taken from both ha lf -chambers  s imul taneous ly  every  15 
min,  for a total period o f  150 min. In pilot expe r im en ts  it was 
es tabl ished that unidirect ional  fluxes are cons tan t  ove r  this time 
period.  Ouaba in  (0.1 m.\t) was  added at t = 90 min to the serosal  
side o f  the epi thel ium. In ‘sod ium -f ree ’ media ,  NaCI was re­
placed by N-methyl-D-glucamine chloride (N M G C I ) ,  N a H :P 0 4 
by K H :P 0 4 and N a H C O ,  by T r i s / H E P E S  (pH 7.3). Unid irec­
tional s teady-s ta te  C a 2* fluxes were  de te rm ined  o v e r  15-min pe­
riods and for  each  t issue sample  an average  value was calculated 
for i = 30 to 90 min (control  period) and i = 90 to 150 min 
(ouabain present) ,  to calcula te  ouabain  sensi t ivity o f  individual 
t issue samples .  Flux values during the first 15 min af ter  addit ion 
o f  ouabain  did not differ significantly from the values obtained 
during the subsequen t  two 15-min periods.  T o  calculate net 
fluxes, values for unidirect ional  fluxes from m ucosa  to serosa  
(./„„) and  from serosa  to m ucosa  (./„„) ac ross  ad jacent  segments  
from the same fish were  used in da ta  analysis .  C a 2" fluxes were
*
expressed  in nmol • h 1 • cm 2.
I s o l a t i o n
o f  B a s o l . a t e r a l  P l a s m a  M e m b r a n e s
All s teps were  performed at 0 -4°C .  The  proximal o f  the intes­
tine was  flushed with ice-cold saline (150 mM NaCI, I niM 
H E P E S /T r i s  at pH 8.0, 1 niM D IT ,  0.1 niM E D TA ),  cut length­
wise and rinsed thoroughly  with the sam e saline. Next ,  the m u­
cosa was  col lected by scraping with a m icroscope  slide. S c rap ­
ings were d is rup ted  with a d o u n ce  hom ogen ize r  equ ipped  with a 
loosely fitting pestle (25 s t rokes)  in isotonic buffer (250 m \ t  su ­
crose ,  10 mM H E P E S /T r i s  at pH 8.0. I mM D I T ,  100 U ■ ml 1 
aprot in ine;  I g wet wt t issue per 20-ml buffer).  The  homogenate  
was  centr ifuged for 10 min at 1400 x  # av (B eckm an  TJ-6R, TH-4 
rotor ,  2800 rpm) to rem ove  nuclei and cellular debris .  M e m ­
branes  were  col lected by centr i fugat ion for 25 min at 150,000 x  
gav (B eckm an  L8-80, 70Ti rotor ,  45.000 rpm). The  pellet thus 
obta ined cons is ted  o f  a b row nish  part well-fixed to the wall o f  the
tube and a fluffy layer  on top.  The  brownish  part conta ined  
roughly 90% o f  the total succinic acid dehyd rogenase  (SDH) 
activity o f  the t issue.  The  fluffy part o f  the pellet was  rem oved  by 
shaking mildly and re su sp en ded  (100 s t rokes)  in a dounce  ho­
m ogen izer  fitted with a loosely fitting pestle in 10 ml (for material  
obta ined from one fish o f  250 g) isotonic buffer (250 him sucrose ,  
10 mM H E P E S / T r i s  at pH 7.4, 100 U • ml 1 aprot inine) .  This 
hom ogena te  was  brought  to 37% (wt/wt)  sucrose  bv mixine (five 
s t rokes)  with 1.25 vo lum es  sucrose  (60% wt/wt)  in 10 him 
H E P E S /T r i s  (pH 7.4). Eight ml o f  this suspens ion  was  covered  
with 4 ml isotonic suc rose  and centr ifuged isopycnical ly  for 90 
min at 200.000 x  (B eck m an  S W  40 Ti rotor ,  40.000 rpm). The 
m e m b ran e s  at the interface o f  the sucrose  block and the isotonic 
buffer  were col lected (approx im ate ly  0.5 ml) and mixed with 13 
ml isotonic buffer,  conta in ing  the basic ingredients  of  the assay  
medium ( 150 him NaCI o r  KCI. 20 niM H E P E S /T r i s ,  pH 7 .4. and 
0.8 m\i  MgCL; fur ther  called assay  buffer).  The  m em b ranes  
were  pelleted by centr i fugat ion ,  35 min at 180.000 x  # .1V (SW 
40Ti, 38,000 rpm). T he  pellet was  rinsed twice with assay  buffer 
and re suspended  by 25 passages  through a 23-0  needle in 0 .5 -1 .0  
ml assay  buffer.  T he  assay  buffer  con ta ined  e i ther  NaCI o r  KCI 
depending  on the subsequen t  assays .  Typical ly ,  the m em brane  
p repara t ions  con ta ined  5 mg • ml 1 protein and were  used on the 
day o f  isolation without  being frozen (protein recovery  was  2.52 
± 0.68%, n = 21).
E n z y m e  A s s a y s
Protein was  de te rm ined  with a comm erc ia l  reagent  kit (Biorad),  
using bovine  se rum  albumin (BSA) as reference .  The  m arker  
en zy m e s  used to cha rac te r ize  the m em b rane  prepara t ions  were: 
(Na* + K ") -A T P ase  for basola tera l  p lasma m em b ran es ,  alkaline 
phospha ta se  (A Pase ,  de te rm ined  at pH 10.4) for b rush -border  
m em b ran es ,  succinic  acid d eh y d ro g en ase  (SDH) for m i to ch on ­
drial m e m b ran e  f ragments  and thiamine py rop ho sp ha ta se  
(TPPase)  for Golgi m e m b ra n e s ;  assay  condi t ions  have been d e ­
scribed in detail  e l sew here  [14). M ax im um  enzym ic  activit ies 
were  ob ta ined  af ter  p re incuba t ion  ( 10 min at 37°C) with detergent  
at op t im um  concen t ra t ion :  0.2 mg • ml 1 saponin  was used at a 
protein  concen t ra t ion  o f  I mg • ml '. Data  on recovery  and purifi­
cat ion o f  m a rk e r  e n z y m e s  are given in Table  I. The  final m e m ­
brane fraction used for t ranspor t  s tudies  was  enr iched  9.3-fold in 
the basolateral  m e m b ra n e  m ark e r  (Na* + K ' ) - A T P a s e  c o m ­
pared to the hom ogena te .  T he  (Na* + K + )-ATPase specific a c ­
tivity averaged  169 ± 36 (// = 9) /xmol P, • hr 1 • mg 1 at 37°C. 
APase ,  S D H ,  and T P P a s e  activit ies were  not enr iched.  To  e x ­
clude possible  con t r ibu t ions  o f  enzym ic  activit ies from mito­
chondrial  m e m b ran e  con tam ina t ion ,  routinely 5 i±g • ml 1 oiigo- 
mycin B was included in C a 2* t ranspor t  assay  media.  Ruthenium 
red (10 ¡xm ) did not influence kinetics o f  ATP-dr iven  C a 2* t rans ­
port in ou r  m em b rane  p repara t ions  (results not shown).
V e s i c u l a r  S p a c e  a n d  M e m b r a n e  O r i e n t a t i o n
Uptake  o f  d - ( NC)-mannitol  (A m ersham )  in m em brane  vesicles 
was de te rm ined  in a C a 2'  t ranspor t  medium ( I ¡jl\\ C a 2", no 4SCa) 
m ade  100 /am in mannitol  to which 7.6 x  I05 Bq • ml 1 l4C- 
mannitol  had been added .  The  ves icular  space  calculated on the 
basis o f  vesicle mannitol  con ten t  at equil ibr ium after  2 hr of  
incubation ranged from 2.75 to 3.25 fi\ • mg ', a value c o m p a r a ­
ble to that repor ted  for rat ileal p lasma m em brane  vesicles 116], 
The percen tage  inside-out o r ien ted  resealed vesicles 
( I O V ’s) was de te rm ined  on the basis o f  ace ty lchol ine  es te rase
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Table 1. Relative recover ies  and en r ichm en t  o f  m ark e r  enzym es  
in tilapia en te ro cy te  p lasm a m em b ran es
R ecovery  (9{■)■' E n r i c h m e n t
Protein 5mmm a  » -f- ().7( 21) —
Alkaline phospha ta se 3.1 -f- 1.3 (7) 0.92 0.57(7)
Succinic acid d eh y d ro g e n a se 3.0 1.2 (9) 1.37 0.45(9)
Thiamine p y ro p h o sp h a ta se 7.0 3.1 (4) 1.50 ± 1.00(4)
N a* /K  -ATPase 23.1 3.5 (8) 9.30 2.40(8)
a Recovery  was  ca lcula ted  as the percen tage  total activity 
(equals specific activi ty • total protein) in the plasma m em brane  
fraction relative to that in the initial hom ogcnate .  
h Enr ichm ent  is the ratio o f  specific activit ies in (he plasma m e m ­
brane fraction and in the initial hom ogcna te .  
c N u m b ers  in p a ren th ese s  indicate  //.
la tency o f  the m em b ran e  p repara t ions  | I3J. The  latent activity of  
this e x o e n z y m e  unm ask ed  by saponin  t rea tm ent  (0.2 mg • (mg 
protein) ') reflected 29 ±  4% (// = 8) inside-out o r ien ted  vesicles 
in the p repara t ion .
The  percen tage  r ight-side-out or iented  vesicles (RO V 's )  
was de te rm ined  on the basis o f  the specific t rypsin sensit ivi ty of 
the cy toso l -o r ien ted  part o f  the (Na* + K*)-ATPase .  Following 
trypsin t rea tm en t ,  which inact ivates  (Na* + K*)-ATPase  in 
l O V ’s and leaky m e m b ran e  f ragments ,  latent (ROV) (Na* + 
K*)-ATPase  act ivi ty  was  unm ask ed  by saponin  t rea tment .  The 
optimal trypsin (vSigma porcine  t rypsin ,  TO 134) effect was o b ­
tained at 4500 B A E E  units t rypsin per  mg m em brane  protein for 
30 min at 25°C. T ryps in  activi ty was quenched  by the addit ion o f  
25 mg • ml 1 soybean  trypsin inhibitor  (Sigma T9253). In contro ls  
ihe inhibitor  was  added  before the addit ion o f  trypsin.  The  t ryp ­
sin-insensi t ive (Na* + K*)-A TPase  activity in ou r  m em brane  
prepara t ion  am o u n ted  to 24 ±  5% o f  the total activity,  indicating 
24% R O V ’s. The  m em b ran e  configurat ion o f  the p lasma m e m ­
brane p repara t ion  therefore  is 29% lOV. 24% ROV and 47% 
leaky fragments .  The  53% resealed m em b ranes  deduced  from the 
percen tages  o f  IO V 's  and R O V ’s is congruous  with a 45 ± 12% 
(// = 8) resealing as de te rm ined  by sapon in -unm asked  N a * / K ’- 
A TPase  la tency o f  the prepara t ion .
V e s i c l e  C a 2+ T r a n s p o r t
A TP-Dependent Transport
A T P-dependen t  t ranspor t  o f  C a 2* was assayed  by means  o f  a 
rapid filtration techn ique  119). The  composi t ion  o f  the assay  m e­
dium was: 20 m \ i  H E P E S / T r i s  (pH 7.4), 3 m M  Tris-ATP,  150 m M  
KCI, 0.8 m M  free M g2*, 7.5 x  l()_s to 10 * m \ i  free C a 2", 0.5 
m M  E G T A .  0.5 m M  N,-(2-hydroxyethyl) -e thylenediamine-  
N , N \ N ' - t r i a c e t i c  acid (H E E D T A ) .  0.5 m.vt nitri lotriacetic 
acid (N TA ),  5 /xg • ml *' o l igomycine B. The  45Ca (specific ac t iv ­
ity 24 G B q  • m m o l -1) radioact ive  concen t ra t ion  in the t ransport  
media  ranged from 0.5 to 0.8 MBq • m l-1. Incubat ions  were 
carr ied  out at 37°C, the op t im um  tem pera tu re  o f  the ATPase .  
When oxala te  (20 m M )  was included in the assay  media,  C a -  
com plexed  by oxala te  was  taken into account .  The  C a 2* 
ionophore  A23187 was dissolved in D M SO  and added  to the 
incubates  at 5 ¿xg • m l " 1, not exceed ing  0 .1% (vol/vol)  DMSO. In 
some exper im en ts  ca lmodul in  was  added  to the m em branes  (50
fig • mg ') and a l lowed to incubate  for 30 min on ice before 
assay.  The react ion was  quen ch ed  by addit ion o f  1 ml ice-cold 
s top buffer  (150 m M  KCI, 20 m M  H E P E S /T r i s ,  pH 7.4, 0.1 m M  
LaClj) and the q u en ch ed  sample  filtered (Schle icher  & Schuell 
ME25.  pore size: 0.45 fim). The  filters were  rinsed twice with 2 
ml o f  the same buffer.  'I he am oun t  o f  m em b ran e  protein per  filter 
was 10 to 20 /xg. I he filters were  dissolved in 4 ml Aqualuma® 
scintillat ion fluid (30 min at room tem pera tu re )  and radioactivi ty  
was de te rm ined  in a L K B  rackbe ta  liquid scintillation analyzer .
Na +-Dependent Transport
N a*-dependen t  C a 2+ t ranspor t  ac ross  p lasma m em bran es  was 
assayed  as the difference in 45C a 2* accum ula t ion  upon t ransfer  o f  
m em bran e  vesicles equi l ibra ted  in 150 m \ i  NaCI to media c o n ­
taining e i ther  150 m M  NaCI (blank) o r  150 m M  KCI. To  evaluate  
the sodium concen t ra t ion  d e p e n d e n c e  o f  4<iC a 2* accumula t ion ,  
vesicle suspens ions  were  p repared  in buffer  with varying sodium 
concen t ra t ions  replacing KCI for NaCI to maintain 150 m M  of  the 
com bined  salts.  In com pos ing  the media ,  a 25-fold dilution o f  the 
vesicle suspens ion  was  taken into accoun t  to yield the following 
final concen t ra t ions :  150 m M  NaCI a n d /o r  KCI. 20 m M  H E P E S /  
Tris (pH 7.4), 0.5 m M  E G T A ,  0.5 m M  H E E D T A ,  0.5 m M  NTA .
0.8 m M  free M g2' ,  and 7.5 x  10 5 to 5 x  10 2 m M  free C a 2*. The 
4SCa radioact ive  concen t ra t ion  was  0.5 to 0.8 MBq • ml '. A 5-/xl 
vesicle suspens ion  was  mixed with 120 ¿¿I medium. After  5 sec of  
incubation the react ion was quenched  by addit ion o f  1 ml s top 
buffer (150 m \ t  NaCI.  20 mM H E P E S /T r i s  at pH 7.4, 1.0 m M  
L aC h:  0°C) to the incubate .  The  m em brane  vesicles with re ­
tained 45Ca were  col lected by filtration as descr ibed  above .  The 
C a 2* ionophore  A23I87 and bepridil were  dissolved in DM SO, 
the N a*- ionophore  m onens in  and the K*-ionophore  valinomycin 
in e thanol .  The  effects  o f  ionophores  and bepridil were  evalua ted  
by com par i son  with solvent  t rea tm en t ,  not exceed ing  0.1% (vol/ 
vol) solvent in the incubate .  Vesicles  were  pre incubated  with 
monens in  and val inomycin ,  10 min on ice. Bepridil was a lways 
freshly dissolved (s tocks  in D M S O  proved  instable).
To  evalua te  the relat ive contr ibu t ion  o f  Na*-gradient-  
dr iven and ATP-dr iven  C a 2* t ranspor t  in p lasma m em brane  vesi­
cles,  part  o f  the KCI (150 m M ,  at 0 m M  NaCI) in the A T Pase  
assay  medium was  rep laced  by NaCI (5, 10, 15, 20, 25. 30 and 50 
m M ) .  By doing so, s t imulat ion o f  (Na* + K*)-ATPase  activity in 
IO V ’s will result in Na* loading o f  the I O V ’s and crea te  a Na* 
gradient  to drive C a 2* up take  into these vesicles on top o f  the 
ATP-dr iven  C a 2* up take .  W here  indicated,  vesicles were  prein­
cuba ted  with ouabian  for 2 hr on ice before C a 2" uptake  studies 
to prevent  (Na* + K *)-A TPase-m ed ia ted  accum ula t ion  o f  Na*.
C a l c u l a t i o n s  a n d  S t a t i s t i c s
Free C a 2^  and Mg2* levels were  ca lcula ted  according  to van 
Heeswijk  et al. (19] and were  based  on the stability cons tan ts  of 
the ligands E G T A ,  H E E D T A ,  N T A ,  A T P  and oxalate  given by 
Sillen and Martel  (33). The  first and second pro tona t ions  o f  the 
ligands were  taken into accoun t .  The  C a 2* concen t ra t ion  d e p e n ­
dence  o f  A T P -d ep en den t  C a -  t ranspor t  strictly obeyed  Mi- 
chae l is -M enten  kinetics and da ta  were ana lyzed  accordingly.  
The  C a 2" concen t ra t ion  d ep en d en ce  o f  Na*-dependen t  C a 2+ 
t ranspor t  did not obey  simple Michael is -Menten  kinetics. I  he 
da ta  were fitted accord ing  to:
V =  (V ' ■ S)l(K'm + S) + tv:„ ■ S W K l  + 5') ( I )
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Table 2. C a : * fluxes in s t r ipped intestinal epi thel ium o f  the tila 
pia
I HI \ I \W •/net
Control SI ±  7( IS) 47 ± 4( IS) 34 ± 8( IS)
Ouabain 64 ±  5( IS)* 48 ± 4(18) 16 ± 6( IS)*
NMG-CI 48 ±  5 (5)* ND
NMG-C1 + ouabain 49 ± 6 (5)* ND
*P < 0.001. significantly different from control  values.  ND: Not 
de te rm ined .  N u m b e r s  in pa ren theses  indicate the num ber  o f  ex ­
per iments .  ./ is ex p re ssed  in nmol • hr 1 • cm : : 7,MA: mucosa- lo-  
serosa  flux: J un: s e rosa - to -m ucosa  flux: ./,„., = J ms Mean







Fig. 1. Kinetics o f  A T P -dependen l  C a 2~ uptake in basolateral  
p lasma m em bran e  vesicles o f  tilapia en te rocy tes .  Mean values 
for 12 different p repara t ions  are given. Initial ra tes o f  ATP-de-  
pcndent  C a 2~ up take  were  co r rec ted  for A TP-independent up­
take.  The  inset show s  an Ead ie -Hofs tee  t ransformat ion  of  the 
data.  Vm = 0.63 ±  0.04 nmol • min 1 • me ', Km = 27 ± 4 n.\i C a 2~
where  S s tands  for the free Ca** concen t ra t ion  in the medium 
and V'm and K'ni represen t  the Michael is -Menten  kinetic p a ram e­
ters of  a “ high affini ty" com p on en t  and V"tl and K"n those o f  a 
“ low aff inity" co m p o n en t .  Data from bepridil inhibition o f  N a -  
dependen t  C a 2' up take  were  fitted accord ing  to:
= I -  id -  ß) • [/]"}/(k: + i/i"i ( 2 )
where  ß  s tands  for the fraction o f  exchange  activity insensit ive to 
bepridil ,  [/] for the inhibitor concen t ra t ion ,  K , for the apparen t  
half-maximal inhibitor concen t ra t ion  and n for the apparen t  Hill- 
coefficient.  The  data  were  ana lyzed  with a nonl inear  regression 
data  analysis  p rogram [221. Data were  analyzed statistically by 
the S tu d e n t ’s i test o r  the M ann-W hi tney  U-test ,  where  app rop r i ­
ate.  Statistical  significance was  accep ted  for /J <  0.05.
Results
Stripped intestinal mucosa of the tilapia generates a 












Fig. 2. Sodium-dr iven  C a : * up take  in hasolateral  m em brane  ves ­
icles o f  tilapia en te rocy te s .  C a : ‘ up take  in the presence  o f  a 151) 
m M  Na~ gradient  (Na,/AJ„) and 5 /xm Ca;,* is reversed  by the 
addit ion of  the Cn2* ionophore  A23I87,  indicating that a c c u m u la ­
tion o f  C a : * occurs .  In the p resence  o f  the Na* ionophore  
monensin  o r  in the absen ce  o f  a Na~ gradient  (Na, = Na„ = 150 
m\i)  C a : ~ uptake  is great ly  d iminished.  Mean values o f  one e x ­
periment  in triplicate are given
added to the serosal side specifically inhibits the 
mucosa-to-serosa flux by 21%, does not affect 
serosa-to-mucosa flux and results therefore in a 
53% decrease in net Ca2+ influx. Replacement of 
Na* with NMG+ reduces mucosa to serosa flux by 
41% and abolishes the inhibitory effect of ouabain. 
We have taken these observations to be evidence 
for a partial N a+ dependence of the Ca2+ extrusion 
step in transcellular mucosa-to-serosa Ca2+ trans­
port. The next step was to study ATP- and Na * - 
dependent Ca2+ transport systems in enterocyte ba­
solateral plasma membrane vesicles.
Figure I shows the Ca2' concentration depen­
dence of ATP-driven Ca2+ transport in BLMV's. 
ATP-driven Ca2* transport, determined as the dif­
ference in Ca2+ accumulated in 1 min in the pres­
ence and in the absence of ATP, obeyed Michaelis- 
Menten kinetics. A maximum velocity of 0.63 ±
0.04 nmol • min“1 • mg-1 and a half-maximal activa­
tion concentration for Ca2+ of 27 ± 4 n M  was calcu­
lated (// = 12). Oxalate (20 m M )  did not stimulate
transport (Vm = 0.76 ± 0.14 
, Km = 65 ±21 n M  Ca2+; n = 3),
ATP-driven Ca2+ 
nmol • min-1 • mg 
suggesting that our membrane preparation is not 
significantly contaminated with endoplasmic reticu­
lar fragments [23]. Correcting for 29% inside-out 
resealed vesicles, the maximum velocity rises to 
2.17 nmol • min-1 • mg-1.
Figure 2 shows that an outwardly directed N a+ 
gradient drives Ca2' uptake (determined at 5 /x m  
Ca2 + ). Addition of the sodium ionophore monensin,
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Fig. 3. Na* d e p e n d e n c e  o f  N a ‘ -driven C a 2* uptake .  M em brane  
vesicles were  equi l ibra ted  in 10, 20. 50 o r  150 m M  Na*.  Initial 
rates (5-sec de te rm ina t ions)  o f  Na*-dr iven C a 2'  up take  (N aJK„) 
were co r rec ted  for “ non-spec i f ic"  C a 2* up take  lK, = K,, = 150 
m\t) .  The  m edium  C a 2* concen t ra t ion  was  5 fxM. Values for V 
are exp ressed  relative to which was  20.3 + 4.6 nmol C a 2* • 
min 1 • mg 1 (// = 3). The  inset shows a Hill-plot o f  the da ta :  a 
Hill-coefficient o f  2.5 ±  0.2 and a K,„ o f  38 ± 5 m.\t Na* was 
der ived
which dissipates the Na' gradient, reduced Ca2' 
uptake. True accumulation of Ca2+ took place since 
addition of calcium ionophore A23I87 reduced 
Na ^-driven Ca2+ uptake.
Figure 3 shows the Na+ concentration depen­
dence of Ca2+ uptake by basolateral membrane ves­
icles. The maximum velocity was 20.3 ± 4.6 nmol • 
min“1 • mg-1 at 5 f im Ca2+. A Hill-coefficient for 
N a+ of 2.5 ± 0.2 was derived (inset), indicating at 
least two sites for N a+ on the N a+/Ca2' exchanger. 
An apparent half-maximal activation concentration 
of 38 ± 5 mM N a+ was calculated.
Figure 4 shows the Ca2+ concentration depen­
dence of Na+-driven Ca2 uptake. The Eadie-Hof- 
stee plot of the data (inset) demonstrates that this 
process did not obey simple Michaelis-Menten ki­
netics. This implies that more than one Ca2+ site is 
involved in the activation of the N a+/Ca2* ex­
change. When the data were fitted to Eq. (1), the 
maximum velocity of the Ca2+ uptake process with 
high affinity for Ca2+ was 7.2 ± 2.8 nmol • min-1 • 
mg"1 and its Km was 181 ±  78 n M  Ca2+; the respec­
tive values for the low affinity component were 32.1 
± 2.2 nmol • min-1 • mg-1 and 3.3 ±1.1  /x m  Ca2* (ti 
= 15). Addition of the K+ ionophore valinomycin (9 
/am) stimulated Na/-dependent Ca2+ uptake by 120 
± 30% (// = 11) independent of medium Ca2+ con­
centration (7.5 x 10-5 to 5 x 10~3 m M ) ,  indicating 
electrogenic behavior of the N a+/Ca2+ exchanger.
Ca2* (|jM)
Fig. 4. C a 2* d ep en d en ce  o f  Na*-dr iven C a 2* uptake .  Initial rates 
o f  Na*-dr iven C a 2* uptake  (N a JK,,) were  co r rec ted  for “ non ­
specif ic"  C a 2* up take  (Na, = Na„ = 150 m M ) .  Ca** was varied 
be tw een  7.5 x  10 s and 2.5 x  10 2 m M .  The inset show s  an 
Ead ie -H ofs tee  t ransformat ion  o f  the data .  V„, and K„, values are 
7.2 nmol • min 1 • mg 1 and 181 n\t  C a 2*, respect ive ly ,  for the 
high affinity co m p o n en t  and 32.1 nmol • min 1 • mg 1 and 3.3 /am 
C a 2* for the low affinity com po nen t  (n = 15)
Hence, the apparent stoichiometry of the Na*/ 
Ca2+-exchange process appears to be greater than 2 
N a+ to 1 Ca2+.
Recalling that an average 53% of the vesicles in 
our preparation are resealed and assuming symmet­
rical behavior of the N a+/Ca2+ exchanger [27], the 
maximum velocity of the Na *7Ca2+-exchange pro­
cess with high affinity for Ca2* rises to 13.6 nmol • 
min" 1 • mg"1. Thus the maximum Ca2' transport 
capacity of the exchange process exceeds the ca­
pacity of the (Ca2+ + Mg2+)-ATPase by a factor of 
6.27.
The Ca2+ entry blocker bepridil [15], when ap­
plied to the outside medium only, produced a dose- 
dependent and partial inhibition of Na + /Ca2+ ex­
change (Na, = 150 mM, Ca2* = 1 /am). The residual, 
bepridil-insensitive, activity was 44 ± 3%; the K, 
was 45 ± 9 /am (// = 4). A monophasic Hill-plot was 
observed and a Hill-coefficient of 1.3 ± 0.2 was 
derived, indicating one binding site for bepridil (Fig. 
5). Bepridil inhibition was noncompetitive with 
Ca2* (Fig. 6), which follows from the specific effect 
on the maximum velocity of the exchange process.
Figure 7 summarizes experiments designed to 
evaluate the relative contribution of (Ca2+ + Mg2+)- 
ATPase and N a+/Ca2+ exchange to Ca2+ uptake in 
basolateral membranes. ATP-driven Ca2* uptake 
was determined in media containing graded 
amounts of NaCI in the presence or absence (con­
trol) of ouabain. As the ouabain site of the (Na+ + 
K*>ATPase is directed towards the vesicular lu-
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Fig. 5. Dose d ep e n d en ce  o f  hepridil inhibition o f  Na~/C'a-~ e x ­
change in tilapia en te ro cy te  plasma m em b ranes ,  de termined  at 
Na, =  150 h i m .  K „  =  150 m M  and Ca;,' =  I / j l m .  Initial rates of 
C a 2* up take  were  co r rec ted  for “ non-specif ic” uptake  (Na, = 
Na,, =  150 m M ) .  The  residual ,  bepridil - insensi t ive,  activity was 
44 ± 3%. The  inset show s  a Hill-plot o f  the da ta ;  a Hill-coeffi­
cient o f  1.3 ±  0.2 and a K. o f  45 ± 9 fi\\  bepridil was derived 
(// = 4)
men in the inside-out vesicles in which ATP-driven 
Ca2+ transport takes place, vesicles were preincu­
bated on ice for 2 hr with 1 m M  ouabain. In separate 
experiments it was ascertained that this treatment 
fully blocks (Na" + K+)-ATPase activity in the 
membrane preparation. Ca2 + uptake in oubain- 
treated vesicles was not affected by Na + . In control 
vesicles, however. Ca:+ uptake was progressively 
stimulated (up to 100%) with N a+ concentrations 
increasing up to 15 m M .  At higher N a+ concentra­
tions (up to 50 m M )  the stimulation of Ca2’ uptake 
decreased again, but remained elevated above the 
uptake in the presence of ouabain. The increase in 
stimulation of vesicular Ca2’ uptake by Na+ ap­
peared the strongest around the Km values for N a f 
(9 m M )  of the (Na+ + K +)-ATPase activity in the
J
membrane preparation (Fig. 7. inset).
Discussion
We conclude from the data presented that Ca2+ ab­
sorption in the intestine of freshwater tilapia is N a+ 
dependent and that a N a+/Ca2+ exchange system in 
the basolateral plasma membrane of the enterocyte 
may contribute substantially to the active extrusion 
of Ca2' from cell to blood. The strong correlation 
between N a ’-dependent, ouabain-sensitive trans- 
epithelial Ca2+ transport and the presence of a high
Fig. 6. Effects o f  bepridil  (SO ^m )  on the C a : ~ kinetics o f  Na*/  
C a : * exchange  in tilapia en te ro cy te  p lasma m em branes .  Inhibi­
tion proved  noncom pet i t ive  for C a 2* as indicated by the specific 
effects on the m ax im um  velocit ies o f  the exchange  p rocess  (// = 
3-15)
affinity and high capacity N a+/Ca2+ exchange in the 
basolateral membrane of the enterocyte in the fish 
intestine was not found for the mammalian intestine
[16].
S o d i u m  D e p e n d e n c e  o f  Ca2+ A b s o r p t i o n
To our knowledge this is the first study reporting 
net unidirectional Ca2+ fluxes across intestinal mu­
cosa of a freshwater fish. The data indicate a poten­
tial role for fish intestine in whole body Ca2’ ho­
meostasis. No comparable studies on intestinal 
mucosa of other fish species are known to us. The 
close correspondence of the mucosa-to-serosa flux 
in the absence of sodium (with or without ouabain 
present) and the serosa-to-mucosa flux under con­
trol conditions and in the presence of ouabain sug­
gests that the serosa-to-mucosa flux is paracellular 
and that removing sodium completely abolished the 
transcellular active movement of Ca2 + . We attribute 
the Na+ dependence of Ca2+ absorption by the fish 
intestine to a dependence on the Na + /K +-ATPase 
activity in the basolateral plasma membranes of the 
enterocyte. The ouabain sensitivity of the mucosa- 
to-serosa Ca2* flux is in line with this contention. 
The partial inhibition of the transcellular Ca2+ trans­
port by ouabain could have resulted from an incom­
plete collapse of the electrochemical sodium poten­
tial. We found, however, that the mucosa-to-serosa 
flux decreased in the first 15-min period after addi­
tion of ouabain to a level that remained stable for
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Fig. 7. A I P-dependent  and Na* g rad ien t -dependen t  C a : * uptake in tilapia en te rocy te  p lasma m em b ran e  vesicles.  Initial ra tes  ( l -m in  
de te rminat ions)  o f  A T P -d ep en de n t  C a : * up take  were  co r rec ted  for ATP-independen t  uptake.  T he  N a '  concen t ra t ion  in the m edium  
was varied be tw een  0 and  50 m M ,  the C a : * concen t ra t ion  in the medium was 5 jum. (Na* + K*)-ATPase  act iv i ty  was  b locked  by a 2-hr 
pre incubat ion  o f  vesicles  on ice with I m M  ouabain .  U nder  ouabain  inhibition, ATP-driven C a 2* uptake  is not affected by N a ' .  In the 
absence  o f  ouabain  (when N a '  will be accum ula ted  in inside-out or iented  vesicles as a result o f  (Na* + K *)-A TPase  act ivi ty  and hence 
a Na* gradient  will be c rea ted)  C a : * up take  doubled  a round  K„, values for Na* (9 m M )  of  the (Na* + K ‘ )-ATPasc in these  m e m b ra n e s  
(inset,  // = 3). C a 2* up take  at 0 h im  Na* was  des ignated  100%. Mean values for two exper im en ts  in triplicate are  given.
the following 30 min. If the electrochemical poten­
tial for N a+ indeed drives most of the net Ca2 + 
transport, this suggests that the largest drop in the 
N a+ potential occurs in the first minutes after oua­
bain addition. This reasoning is in concordance with 
membrane potential and sodium content measure­
ments in goldfish (Carassius cinrcitus) intestine [1, 
18]. In pilot experiments we observed large fluctua­
tions in fluxes after about 1 hr in the presence of 
ouabain. Therefore, we restricted the experimental 
time to 45 min. We tentatively conclude that oua­
bain does not completely abolish transcellular 
movement of Ca2+ and that the residual net flux of 
Ca2+ in the presence of ouabain results from Ca2+ 
extrusion mediated through Ca2+-ATPase activity.
Proceeding from an intestinal surface of 50 cm2 
in a 250-g tilapia for the first 30 cm intestine that we 
used in our studies, we calculated an intestinal Ca2+ 
uptake capacity from our in vitro data (Table 1) of
1.7 fimo\ • h r 1. The branchial Ca2+ uptake for the 
same fish is calculated to be 3.6 /xmol • hr ' 1 [9]. The 
numbers indicate the potential importance of the 
intestine for Ca2+ uptake in freshwater fish. This 
notion is in line with observations by Berg |4| on 
freshwater goldfish. These fish increase their intes­
tinal calcium absorption in soft waters with de­
creased availability of Ca2+ in the water for bran­
chial uptake. A more direct demonstration of the 
involvement of a N a+/Ca2+ exchanger in trans- 
epithelial Ca2+ transport awaits the development of 
more specific inhibitors. Bepridil (see below) is suit­
able to use as an inhibitor of Na /Ca2+ exchange in
vitro [15, and this study], but its side effects on, 
e.g., ATPase activities [39] and on Ca2+ channels 
[35] make the substance inappropriate for studies in 
intact tissue.
A T P - E n e r c . i z e d  Ca2+ T r a n s p o r t
The demonstration of an ATP-dependent Ca2+ 
transporter in the fish enterocyte plasma mem­
brane, although unprecedented, could have been 
anticipated for a Ca2' transporting epithelium (in 
fact for any cell) and extends our observations on 
similar Ca2+ transport mechanisms in fish gills [11-
14, 26]. However, we were surprised by the low 
apparent transport capacity derived for the ATP- 
energized Ca2+ pump. The low capacity cannot be 
explained by artifacts introduced by the isolation 
procedure. A 2.5% recovery and a 9.3-fold purifica­
tion of the plasma membrane marker N a" /K ‘- 
ATPase are congruent with data previously pub­
lished by us [26, 37] and by others [3, 16, 19] on a 
variety of Ca2+ transporting epithelia. One could 
argue that a loss of calmodulin during the isolation 
procedure resulted in the low V,n observed. How­
ever, the high affinity for Ca2+ per se is indicative of 
the presence of calmodulin in the preparation [14, 
38]. Moreover, addition of extra calmodulin to the 
membranes did not affect the kinetics of the Ca2+ 
transport (data not shown) and this observation is 
consistent with similar data on Ca2+ transport in fish 
gill plasma membranes 114, 37]. Furthermore, the
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numbers for resealing and inside-out orientation do 
not deviate from previously published data on com­
parable membrane preparations from fish 114 1 and 
mammalian tissues 116, 19]. We conclude therefore 
that the tilapia enterocytc plasma membrane has a 
low density of ATP-dependent calcium pumps. An 
attractive hypothesis is that the low density of Ca2 + 
pumps in the fish enterocytc is apparently compen­
sated for by a Na ' -dependent Ca: ' extrusion sys­
tem. This is consistent with the high (Na" + K )- 
ATPase content of the enterocytes and the presence 
of a plasma membrane bound NaVCa2’ exchanger 
with kinetic parameters favorable to Ca2’ extru­
sion.
N a +-D e p e n d e n t  Ca24 T r a n s p o r t
The N a+/Ca2+ exchange activity in the plasma 
membrane of tilapia enterocytes resembles similar 
exchangers in plasma membranes of e.g., rat intes­
tine 116, 20], kidney cortex |19, 21], dog red blood 
cells 1251, cardiac sarcolemma [27-31], bovine reti­
nal rod outer segments [6] or in Anemia  membranes 
[5]. First, since valinomycin stimulates Na"/Ca2 + 
exchange in membrane vesicles (Na/ = 150 m M .  K/, 
= 150 m M ) ,  the N a‘/Ca2' exchanger appears to be 
electrogenic and transports therefore more than two 
N a+ ions per Ca2+ ion. Second, bepridil inhibits the 
N a ’/Ca2' exchange activity partially (569c) and 
noncompetitively for Ca2+. Our results on bepridil 
inhibition of N a’/Ca2" exchange corroborate in i
aspects the data of Garcia et al. [15], who investi­
gated the mechanism of inhibition by bepridil of 
Na^/Ca2+ exchange in porcine sarcolemma. Third, 
the N a+/Ca2+ exchange activity is located in the 
plasma membrane, where it is co-located with oua­
bain-sensitive (Na+ + K )-ATPase and ATP-driven 
Ca2' pump activities (.sw Fig. 7). Fourth, data on 
vesicle Ca2 + uptake determined under conditions 
that allow the controlled and simultaneous opera­
tion of the ATP-driven Ca2, pump and the Na*/ 
Ca2+ exchanger provide direct evidence in vitro for 
a significant contribution of the exchanger to Ca2' 
extrusion across the plasma membrane (see Fig. 7). 
However, we cannot exclude that the kinetic prop­
erties of the ATPase and the exchanger are influ­
enced by the isolation procedure, which may affect 
the relative contribution of either carrier to Ca2" 
transport and allows only a tentative extrapolation 
to their activities in the intact cell.
A not fully apprehended result is that Ca2+ de­
pendence of Na~/Ca2 + exchange turned out to be 
biphasic (showing a high affinity and a low affinity 
site for Ca2’ ). This biphasic response to Ca2+ could 
have derived from the occurrence of different cell 
populations (e.g., crypt us. villus) in intestinal mu­
cosa. However, in contrast to mammalian intes­
tines, where villus cells and crypt cells each present 
a characteristic molecular make-up [7], tilapia intes­
tine provides a more simple and homogeneously 
folded mucosa without crypts. More relevant is our 
observation that N a+/Ca2+ exchange determined in 
canine ervthrocvte membrane vesicles shows a sim­
ilar biphasic Ca-' dependence (unpublished). Ap­
parently this phenomenon has a more general oc- 
cu r re nee.
The biphasic response to the medium Ca2+ con­
centration was demonstrated by using Ca2' buffers 
in the assay medium, which allows the precise defi­
nition of concentrations below 50 \±m Ca2 ' . Many 
reports on NaVCa2+ exchange (irrespective of the 
tissue or species investigated) have evaluated only 
the effects of Ca2* concentrations above 50 ¡im, or 
do not report the use of Ca2+ buffer systems. There­
fore, exchange activity with a high affinity for Ca2’ 
may have cone undetected in many studies. How- 
ever, there is a report by Gill, Chueh and Whitlow
[17], in which the Ca2+ dependence of Na+/Ca2’ 
exchange in rat cerebral synaptosomes was studied 
using an assay system including Ca2’ buffers. These 
authors also found a biphasic dependence on Ca2’ 
of the exchanger. A high affinity for Ca2' in the 
submicromolar range (0.3 to 0.8 fxm Ca2^ ) was de­
rived. Unfortunately the low affinity component of 
their exchange activity proved unsaturablc with 
Ca2" and this prevented complete analysis of maxi­
mum velocities of the carrier. The question remains 
however, whether the biphasic behavior indicates 
the presence of two carriers or may be attributed to 
a single carrier with a Ca2+ concentration-defined 
affinity for Ca2'. Bepridil inhibited, albeit partially, 
N a+/Ca2+ exchange independently of Ca2+ concen­
tration. Our data on bepridil inhibition do not allow 
the distinction of two carriers with different bepridil 
sensitivities. Gill and coworkers [17] came to a simi­
lar conclusion evaluating the effects of the less po­
tent drug amiloride (which in analogy to bepridil is 
assumed to interact with a sodium site [34]) on syn­
aptosomal N a+/Ca2+ exchange.
We realize that fitting our kinetic data of the
N a ' /Ca-+ exchanger to the sum of two separate sat­
urable processes suggests the existence of separate 
biochemical entities. We emphasize that this fit was 
only used to describe our data reproducibly. To our 
knowledge there are at the moment no reports on 
probes for the Ca2+ site(s) of the Na+/Ca2* ex­
changer that would allow specific (pharmacological) 
discrimination of classes of Ca2+ sites on the mole­
cule as indicated by our kinetic studies. However, 
Cd2" may prove a useful tool for this purpose, as its 
interaction with the Ca2+ site of the Ca2+ pumping 
ATPase was shown to be highly specific [38]. Ex­
periments on the interaction of Cd2+ with N a+/Ca2+
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exchange are presently being carried out. For the 
complex Ca2+ dependence of the NaVCa2* ex­
change process an important analogy may well exist 
with the kinetic behavior of the gramicidin ion chan­
nel. The profile of the dependence of the conduc­
tance of this ion channel upon ion activity is well 
represented by a biphasic Eadie-Hofstcc plot, if one 
assumes two interacting sites for the permeant ion 
(as was shown to be realistic for Cs + , Rb + , K+ and 
H' conductance of valine-gramicidin A in artificial 
bilayers |8, 321). An attractive hypothesis that 
arises from our data is that the enterocyte Na' /Ca2' 
exchanger has two interacting Ca2' sites. At low 
calcium concentrations the N a '/C a2’ exchanger 
displays high affinity for Ca2+ and this allows in­
volvement of Na* /Ca2+ exchange in the extrusion 
of cytosolic calcium.
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